Vomeronasal Organ: Pheromone Recognition with a Twist  by Thorne, Natasha & Amrein, Hubert
Vomeronasal Organ: Pheromone
Recognition with a Twist
Dispatch
Natasha Thorne and Hubert Amrein
Pheromones are detected by the vomeronasal organ
using members of two receptor superfamilies: the
V1Rs and V2Rs. New studies show that MHC class I
molecules are co-expressed in particular combina-
tions with specific V2Rs in the vomeronasal organ.
The role of these MHC molecules is unknown, but
they may be of considerable biological significance.
The vomeronasal organ of mammals is a ‘specialized
nose’ required for the detection of pheromones, chem-
ical cues that induce innate behaviors between
members of the same species, such as mating, nursing
and aggression [1,2]. G-protein-coupled receptors of
two large and distinct families — the V1Rs and V2Rs
[1,2] — are expressed in the vomeronasal organ and
thought to recognize pheromones [3,4]. As reported in
recent papers in Current Biology and Cell, Ishii et al. [5]
and Loconto et al. [6] have now discovered another
gene family that is expressed in the vomeronasal organ,
this one encoding molecules of the class Ib major 
histocompatibility complex (MHC). Although Class Ib
MHC molecules are usually associated with immune
response, their expression in vomeronasal sensory
neurons may prove to be yet another example of
immunologically relevant molecules that are recruited
for neuron-specific functions [7].
The lumen of the vomeronasal organ in rodents is
accessible to chemical signals from the environment
through vomeronasal ducts which open into the nasal
cavity. The vomeronasal organ is separated from the
main olfactory epithelium (Figure 1A), which expresses
olfactory receptors that mediate detection of volatile
molecules (odorants) [2]. Vomeronasal sensory neurons
line the vomeronasal organ lumen and are distin-
guished as apical or basal according to the location of
their cell body and differential G-protein expression.
The axons of these neurons project to glomeruli of the
accessory olfactory bulb, where they synapse with
mitral cells. Although some integration of pheromonal
sensory input probably occurs already at this level, the
mitral cells project their axons to higher processing
centers in the brain, the amygdala and hypothalamus,
where ‘behavior is conceived’ (Figure 1A) [1,2].
By Ca2+ imaging vomeronasal organ slice prepara-
tions, Leinders-Zufall et al. [8] showed that six putative
mouse pheromones activate non-overlapping subsets
of apical vomeronasal sensory neurons. Unlike odorant
receptor neurons that adapt readily, electrophysiolog-
ical studies indicate that vomeronasal sensory neurons
do not undergo adaptation to prolonged stimulus 
presentation [9]. Moreover, it was found that vom-
eronasal sensory neurons are among the most sensi-
tive receptors of chemical stimuli in mammals [8,10]. 
Vomeronasal sensory neurons detect pheromones
via G-protein-coupled receptors of the V1R or V2R
families, which are expressed exclusively in the vom-
eronasal organ. RNA in situ hybridization revealed that
V1R expression is restricted to the apical layer,
whereas V2Rs are mainly expressed in the basal layer
of the vomeronasal organ [2] (Figure 1B). V1R and V2R
expression is not uniform: each member is expressed
in subpopulations of vomeronasal sensory neurons
throughout their respective vomeronasal organ layer.
Expression studies have shown that each receptor is
expressed in a small number of vomeronasal sensory
neurons [2], and that each vomeronasal sensory
neuron, in general, expresses a single receptor, of
either the V1R or V2R family [2,11].
The V1R and V2R families are unrelated and neither
shows significant sequence similarity to the odorant
receptors expressed in the main olfactory epithelium.
Members within the V1R and V2R families are highly
divergent, and with more than 100 genes per family,
are divided into subfamilies [2,12]. V2Rs exhibit some
sequence similarity to a class of G-protein-coupled
receptors that include extracellular Ca2+ sensors,
metabotropic glutamate receptors and the mammalian
sweet taste receptors (T1Rs). V2Rs also show
sequence similarity to a receptor expressed in the
olfactory epithelium of fish which binds basic amino
acids. V1Rs, on the other hand, are weakly related to
the mammalian bitter taste receptors (T2Rs) [2]. 
In vivo mouse studies have provided direct evi-
dence that V1Rs are involved in pheromone detection.
Mice in which a cluster of 16 V1R genes was deleted
exhibited behavioral deficits characteristic of mice
with surgically-removed vomeronasal organs; both the
sexual drive of males and maternal aggression were
reduced [3]. Boschat et al. [4] found that vomeronasal
sensory neurons expressing a specific V1R — V1Rb2
— are sensitive to 2-heptanone, a component found in
mouse urine. It has yet to be directly shown, however,
that V2Rs also mediate pheromone recognition.
The discovery by Ishii et al. [5] and Loconto et al. [6]
that about ten MHC class Ib genes are expressed in
basal vomeronasal sensory neurons may provide
insight into how these sensory neurons transduce
chemical signals into electrical activity which ultimately
results in a behavioral response. Ishii et al. [5] used
Affymetrix Gene Chip technology to compare differen-
tial gene expression between the mouse main olfactory
epithelium and vomeronasal organ. Loconto et al. [6]
used a subtractive cloning strategy in which single-cell
cDNA libraries from Gαi2 (V1R) and Gαo (V2R) express-
ing neurons were compared, and transcripts exclusive
for Gαo neurons were selected and analyzed. Both
groups report that β2-microglobulin, a subunit required
for proper MHC class I molecule expression on the
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surface of T lymphocytes [13], is also co-expressed in
basal vomeronasal sensory neurons with V2R genes,
but it is not expressed in apical vomeronasal sensory
neurons that express V1Rs.
Cellular expression of MHC class Ib genes, like that
of the V2R genes, is not uniform across the basal layer,
but is scattered. Moreover, two-color in situ hybridiza-
tion [5] and single-cell RT-PCR [6] revealed that some
cells express more than one MHC class Ib gene. The
most intriguing feature, however, is the observation that
particular MHC class Ib genes are expressed in “pre-
ferred combinations” with V2R subfamilies [5,6]. For
example, vomeronasal sensory neurons that express
M9 always co-express a member of the V2Rf subfam-
ily, whereas a vomeronasal sensory neuron that
expresses M10.1 co-expresses a member of the V2Ra
or V2Rb subfamily (Figure 1). Conversely, members of
the V2R subfamilies have a greater propensity to be
expressed with certain MHC class Ib genes than others
[5]. Co-expression of these gene families indicates that
V2R gene expression may not be completely stochas-
tic, but might be traced to certain vomeronasal sensory
neuron lineages. These observations could imply that
co-expressed MHC class Ib and V2R genes may share
common regulatory elements and be expressed under
the control of the same transcription factor(s) [5].
Conventionally, MHC class I molecules present
antigen to cytotoxic T cells during immune response.
The class I MHC protein consists of a single trans-
membrane domain and three extracellular globular
domains, which associate with β2-microglobulin. Typ-
ically, portions of the extracellular domains form a
groove for peptide antigens of 8–10 amino acids; this
groove is the most polymorphic region of the protein.
The antigens that MHC class I molecules present are
derived from degraded cytosolic or nuclear proteins.
These endogenous antigens associate with the MHC
class I heavy chain and β2-microglobulin in the endo-
plasmic reticulum; from there, they are translocated to
the cell surface for presentation to T cells. There are,
however, a few examples of class I molecules that
present exogenous antigens — usually the function of
class II MHC molecules [13]. 
Expression of the MHC class Ib genes in the
vomeronasal sensory neurons of the basal, but not
apical, layer of the vomeronasal organ, and their pref-
erential co-expression with certain V2R subfamilies,
strongly suggests an alternative function for these
genes, distinct from a role in immune response. Using
immunocytochemistry on vomeronasal organ sec-
tions, Loconto et al. [6] showed that M10.7 localizes to
the dendritic tips of vomeronasal sensory neurons,
where it co-localizes with Gαo and β2-microglobulin.
Immunoaffinity chromatography on vomeronasal
organ cell membrane extracts revealed that M10.7
interacted with V2Rs to form a complex along with β2-
microglobulin. Immunostaining of heterologous cells
expressing all three proteins suggests that the MHC
class Ib–β2-microglobulin complex may stabilize V2Rs
at the cell surface. This hypothesis is further sup-
ported by the absence of the VN4 V2 receptor at den-
dritic terminals in vomeronasal sensory neurons in
β2-microglobulin knockout mice [6].
Localization of MHC class Ib molecules to the
dendritic terminals of vomeronasal sensory neurons,
and their interaction with V2Rs, suggest that they may
function as heterodimers. For example, MHC class Ib
Current Biology
R221
Figure 1.
(A) Many mammals have a vomeronasal organ (VNO) which is
distinct from the main olfactory epithelium (MOE) and is
involved in the detection of pheromones. Vomeronasal neurons
project to the accessory olfactory bulb (AOB) [1,2]. 
(B) Vomeronasal sensory neurons (VSNs) with apical cell bodies
co-express V1Rs and Gαi2, whereas vomeronasal sensory
neurons at the basal layer co-express V2Rs, Gαo and MHC
class Ib molecules. Note that VSNs from the two different layers
project to different regions of the AOB [1,2]. (C) Schematic of
V2R and MHC class Ib co-expression. V2Rs and MHC class Ib
molecules appear to be co-expressed in preferred combina-
tions. For example, all cells that express M9 always co-express
members of the V2Rf subfamily (red and black squares),
however, V2Rf subfamily members are also co-expressed with
other MHC class Ib genes (black squares). M10.1 is co-
expressed with either V2Ra (orange and blue squares) or V2Rb
subfamily members (orange squares). V2Ra sub-family
members may be co-expressed with other MHC class Ib pro-
teins as well (blue squares).
V1R
V2R Mitral cells
VNO
Apical Basal
MHC class Ib
AOB
MOB AOB
VNO MOE
VNO
BasalApical
C
B
A
V2Ra               V2Rf
M10.1             M9
Current Biology
Dispatch
R222
molecules might influence the ligand-binding properties
of V2Rs, perhaps by inducing conformational changes
that affect ligand binding capacity or affinity. Alterna-
tively, MHC class Ib molecules might independently
bind ligands, such as pheromonal peptides or other
constituents of pheromonal blends. Indeed, there is evi-
dence that mouse urine contains proteins that activate
vomeronasal sensory neurons of the basal layer [14]. If
the last scenario is true, it will be interesting to see
whether vomeronasal sensory neuron activation
requires ligand binding at one or both types of mole-
cules. Lastly, MHC class Ib molecules may influence the
electrical properties of vomeronasal sensory neurons,
such as failure to adapt or enhanced ligand sensitivity.
Protein expression of M10.7 at the dendritic surfaces
in vomeronasal neurons suggests a role for the MHC
class I molecules in receiving pheromonal signals in the
vomeronasal epithelium. There is a precedent, however,
for other neuronal roles of MHC class I molecules.
Studies by Huh et al. [7] suggest that MHC class I mol-
ecules are involved in synaptic modulation in the visual
system of mice. Further, they found that class Ia and Ib
MHC molecules are expressed in subsets of neurons in
the CNS, indicating additional diversity for these mole-
cules. Could MHC class Ib molecules expressed in the
vomeronasal organ have a function in the axon termi-
nals? A role in the initial targeting of vomeronasal axons
to the accessory olfactory bulb seems unlikely, given
the late onset of MHC class Ib gene expression [5,6].
However, a modulatory function in refining axon termini
of vomeronasal neurons cannot be excluded. It is well
established that neurons expressing a given V1R
project to multiple glomeruli in the accessory olfactory
bulb [15,16]; perhaps some MHC class Ib molecules
confer specificity to these projections.
Behavioral analysis of β2-microglobulin knockout mice
suggests a potential function for MHC class Ib molecules
in pheromone elicited behavior. Male mice lacking β2-
microglobulin show no aggression toward intruding
males, but are still able to discriminate between the
sexes and attempt to mate only with females [6].
However, β2-microglobulin is widely expressed in the
brain, and its complementation outside the vomeronasal
organ will be required to directly link this phenotype to an
important function of β2-microglobulin and MHC class I
genes in pheromone response.
There has been a great deal of interest over the years
regarding the influence of MHC type on mate selection
and other social behaviors. Yamazaki et al. [17] demon-
strated that mice prefer mates with a different MHC
haplotype. It has been suggested that MHC haplotype
identity may be recognized by way of ‘odortypes’ or
putative pheromones in mouse urine [18]. Although it is
attractive to suggest a link between MHC class Ib
expression in the vomeronasal organ and MHC haplo-
type preference, behavioral analysis of MHC class Ib
knock-out mice will be necessary to address this issue.
Expression of MHC class Ib molecules in the
vomeronasal organ stimulates many titillating spec-
ulations as to their function in the vomeronasal
system, some of which have been raised here. There
is reason to believe that this unexpected discovery will
ultimately offer a novel perspective on how complex
innate behaviors are generated in mammals. At a
more basic level, it should reveal more about how
vomeronasal sensory neurons detect and transform
chemical cues into electrical responses. 
A few genes similar to mouse V1Rs appear to exist in
the human genome, one of which is expressed in the
olfactory mucosa [19]. Even though humans lack a
functional vomeronasal organ, there is evidence that
the phenomenon of ovarian synchrony is mediated by
pheromones [20], most likely via the main olfactory
system. Yet the influence of pheromones might not be
limited to neuroendocrine responses and the future will
tell whether MHC molecules and vomeronasal-like
receptors play a role in our most primal behaviors.
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